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Attractive Interaction between Electrons in Semiconductors with Wide
Band Gaps by Electron-Photon Interaction

Hiroyuki TAKEDA and Katsumi YOSHINO

Department of Electronic Engineering, Graduate School of Engineering,
Osaka University, 2-1 Yamada-oka, Suita, Osaka 565-0871, Japan

We theoretically demonstrate attractive interaction between electrons in semiconductors with wide band
gaps by electron-photon interaction. At low temperature, wave vectors of electromagnetic waves absorbed in
semiconductors with wide band gaps cannot be neglected for those of electron waves, that is, electromagnetic
waves affect movements of electrons. Especially, attractive interaction between electrons occurs when one
electron changes from a valence band to a conduction band and the other one changes from a conduction

band to a valence band, and wide band gaps are necessary in order to obtain effective attractive interaction.
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1. Introduction

In semiconductors, absorption of electromagnetic
waves caused by electron-photon interaction has
attracted much aftention from practical and
fundamental viewpoints. This property is used for
electronic devices such as lasers and diodes, and
provides various valuable applications. A wave

vector of electromagnetic waves is approximately

g=5.07x10°[m™"] for band gaps approximately 1
[eV] in conventional semiconductors, and therefore,
q can be neglected for a wave vector of electron
waves k =4.8x10%[m™"] at T=100[K].

Recently, however, semiconductors with wide
band gaps have been reported from experimental
and theoretical viewpoints. For example, AIN
(E¢=6.2 [eV]) and KBeF; (Eg=8.1[eV]) are reported

experimentally and theoretically, respectively.!?



BESMBERMME F1285815

J. Soc. Elect. Mat. Eng. Vol.12, No.1 2003

When Eg=10[eV] is considered, a wave vector of

electromagnetic waves is approximately
g=5.07x10"[m™"] .
neglected for a wave vector of electron waves,
k=48x10"[m™"] at T=1[K],

consider effects of the electromagnetic waves on

Therefore, q cannot be

and we must
movements of electron waves.

In this paper,

electron-photon interaction in semiconductors with

therefore, we investigate
wide band gaps at low temperature in considering
the effects of wave vectors of electromagnetic
waves on those of electron waves. This interaction

3)
since

is similar to electron-phonon interaction,
photons and phonons are both bosons. The
electron-phonon interaction causes attractive
interaction between electrons, and therefore, we can
expect attractive interaction by the electron-photon
interaction. We theoretically demonstrate the
electron-photon interaction by the same method as
used in the electron-phonon interaction.

2. Nonperturbation and perturbation

Hamiltonians of electron-photon interaction

By using creation and annihilation operators, a
vector potential of electromagnetic waves is

represented as follows.

A(r)= Z {4q,1€4,194,1 €XP(iq - T)
q/l

+A4 q,le*q,za‘h exp(—iq - r)}

1
= 5 Z {Aq,/leq,/{aq,,{
q,A

(1)
+ A*—q,le*—q,qu,l }exp(iq - r)
1 .
5 Z Ay eq,1ag +aly ;hexp(iq-r)
q,A

(® Aq,leq,/l = A*—q,ie*-q,,{)

, Where
2n

Aqa = @

Qw

q

q and 2 indicate a wave vector and one of two
polarizations of electromagnetic waves. 4q; and
€4, are a coefficient and a polarized unit vector of
a vector potential, respectively. 442 and a;’, , are
annihilation = and  creation  operators  of
Q and

@q are the dielectric index, a volume of crystals

electromagnetic waves, respectively. €,
and a frequency of electromagnetic waves,
respectively. A(r) is assumed to satisfy the
Coulomb gauge, V-A(r)=0.

In the existence of the vector potential, the energy

of electrons is

{p(r) + eA(r)}2
2m
2(’) ©{A®) p(r) + p(r)- A()}
m 2m
. e*A%(r)
2m
2 2
NHUN £ Am pm + 20 )
2m 2m
©V-Ar)= 0)
2(” £ AM p(r)
e?A? (r)
(@ 7 << 1)

That is, the second term in Eq. (3) is the interaction
term.

The nonperturbation Hamiltonian is

H =H electron +H photon
_ @) . * 0 ¥ 4
= 2. 28000, el + 2 N0,a, 14, 5.
i=c,vk,o0 q,A

H ecron and  H ppo0n  are Hamiltonians of

electrons and photons, respectively. k and o are a

wave vector and a spin of electrons. cf]',),l and

;'),z are annihilation and creation operators of

electrons, respectively. &’ is an energy of

electrons. ¢ and U indicate conduction and

valence bands, respectively.

By Bloch’s theorem, the wave function of
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electrons is

) = DY eluly (1) exp(ik 1) )
i=c,vk,0
The interaction Hamiltonian is represented as

follows.

H, , =H

int electron— photon

= Id]‘l//+ (r) £ A(r) - p(r)y(r)

PIIDX .

i,j k',o'k,o ql (6)
><c|((jf7 (aq, +a_g; )c(')

J-dr exp{i(-k'+tk +q)-r}
x u,ﬁ”c, (r)e, ;- p@) + nkju (r)
Let us consider the normal process, that is,

k'=k+q and o'=0,

attention on the term of an integral in Eq. (6).

and then we focus our

k+q,0

.. . *
Man= [drud,
Q

xeq ;- {p(r) + nkju, (r)
= fdruly o (g PO, (1)
Q

+eq, 1k [drul), (Ou, @
a ™)

~ faru (e, . - PO ()
Q
+eg, Mk Idru(j)*(r)u(i)(r)
Q

= (jleq.s P15, )
+eg 'nké',-,j

6;; is Kronecker’s delta. For simplicity, we
neglected dependences of u(’) on kand O, as
considering absorption of electromagnetic waves in
conventional semiconductors. The first term in Eq.
(7) is zero when i=j, while the second term in
Eq. (7) is zero when i#j. Therefore, H;, is

represented as follows.

) ()
ZZZDécqlckﬂqa(aqi +a241)

i,j k,o q,A4

@®)

, where

Ji
eAq,,le,c,;q,/I

2m

j’i —
D k,o;q,4 (9)
This interaction Hamiltonian is similar to that of
electron-phonon interaction although ch,q 4 s
of k in the

interaction, differently from the electron-photon

independent electron-phonon

interaction.
3. Effective electron-photon interaction

The Hamiltonian of electron-photon interaction is

represented as follows.
H=H,+H, (10)

By the method used in electron-phonon interaction,

we obtain the following effective Hamiltonian.

H =eSHe’
1 (11)
:HO + 2[Hmt’S]+O(S3)
, where
Him :[S’Ho] (12)

By Eq. (12), the following equations are obtained.

D/ e o
ka -q,A"k-q,0 “k,o

,/1S 1

(q,4]5]0) Zj:; e (13)
D/ (J) (i)

(0[|q, 2) = 3 3 Thmaiiras i';; (14)

i,j ko 5k TNO, — €.,

Moreover, the following equations are obtained
from H int

(9, A[H |0

) ()
ZZDF?G qlckj—qo Cko  (15)

i,j ko

int



ESMERMME F128%15

J. Soc. Elect. Mat. Eng. Vol.12, No.1 2003

<0|Hint|q’ >_ZZDkaqﬂcl(({+)q o‘+cl((i,27 (16)

i,j k,o

The second term in Eq. (11) corresponds to the
effective electron-photon interaction. From Egs.
(12)-(16), electron correlation by electron-photon

interaction is obtained.

H 4 (o [H n»S10)

(0 |H 1S — SH 1| 0)

int

=—Z{ O|H s,
-<0|S a4, N4, A|H o |0))

=X TS DibiaiDias

ij' i,j ko'k,o q,4

q,A)(q, 4/5]0)

x { 1
(l) "gl((J) -Nw
q
: )
(’) g,((’,zq + N,

(O NN (DI O ) BN ()
><ck+qo Ck! Uck—qa ckcr

SODDD NI

ij' i,j ko'k,o q,4

x { !
g(l) 8|((‘,)q no,
1
(') elﬁ’zq + N,

(O RN (DI O ) BN ()
XCk+qa Ck' o’ck—qcr Ckcr

+(q—>—q) (17)

=_—ZZZZZDKGMDI{;-M

' i,j k'yo'k,o q,A4
x { 1%
(an) (8(1) (1))

)
(nco) — (&g k’+q)

("9 @ () ]
><ck+qo’ ck o-ck—qa ckcr
(@ > —q) indicates a replacement of 4 and —9q
in the first term. When i=Jj or i'=j', D

and D,{.':g.;q’,l depend on k and k', that is, it

depends on k and k' whether H eff IS
attractive or repulsive. Therefore, sums of such
interaction become very small. When [#/ and
i'# J', on the other hand, Dka _q,2 and ch“

are independent of k and k'. When i=i' and

j=1,
D0 Dilgi-an
_ (ﬁ]z Ay (leqn P

Ay (fle_qs - B (18)
=(%]2 | 41 1 (leq.s -p()i)

(leq.s -p@)i)

It depends on 3?and 3’ whether this term is

attractive or repulsive. When i = j' and j=1',
Dylyiq1Dili-q

=(i]2‘4q,4 (ileq.s P j)

A (jle_gs-p@)|i)

() s G0
(legs” p(0)i)

:(zmj | Aga I (ileqs - P /)
{ileqs p@])f

_ [%]2 | Ag2 12 |(ifeq - ) 20.

(19)

This term is positive regardless of k, 3 and
u, and we focus our attention only on this
Then,

represented as follows.

interaction. the electron correlation is
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¥y ]

i#j k',o'k,o q,4

X Ay I [(ileq. 0@ /)

x i (20)
(Mwy)? - (e —el),)’
Nwq

+ - ——}
Mwy)* - (&) - &2,)*

(OIS C) RN 0) BN ()
xck'+q,o" ck',cr'ck—q,a ck,o-

This interaction occurs when one electron
changes from a valence band to a conduction band
and the other one changes from a conduction band
to a valence band. Since electrons near band gaps

. . (1) () \2 o 2
affect electronic properties, (&, —6’kiq) ~F 2

is satisfied. Moreover,

<ileq,l ' p(r)| ]>

.m i N, .
=l;{€(1)—8()}<l|eq,/{‘r|]> (21)
'~~iz;|—Eg<z|eq,,1L -r|J>.

By inserting Egs. (2) and (21) into Eq. (20),

H ef = _Z Z z Z Velectron— photon

i#j k,o k',o q,4 (22)

(O NN 0 ) NN 6 ) BN )]
Xck'+q,o" ck',a'ck—q,cr Ck,a’

, where

2
1{ e
Velectron— photon = 5 (%)

x| g1 P [(ileq )

X an
(og)* — (& - &dly)”

; N (23)
(Mwg)® ~ (& ~ &%)’

~lileq 1)
- 26Q
2
(nwy)” - E,

When M@y > E,, the electron-photon interaction is

attractive. ~ When NM@g>>E, | however,
Velectron-photon becomes ~ small, and effective

attractive interaction cannot be obtained. In order to
obtain effective attractive interaction, therefore,
semiconductors with wide band gaps are necessary
for M@g ~10[e¥].

If the interaction, which occurs when one
electron changes from a valence band to a
conduction band and the other one changes from a
conduction band to a valence band, is main in
semiconductors with wide band gaps, and exceeds
the Coulomb interaction, the attractive interaction
may cause Cooper pairs. As is well known, Cooper
pairs have attracted great interest since
superconductivity can be explained by attractive

interaction of electrons.
4. Conclusion

We theoretically demonstrated attractive
interaction between electrons in semiconductors
with wide band gaps by electron-photon interaction.
The attractive interaction occurs when one electron
changes from a valence band to a conduction band
and the other one changes from a conduction band

to a valence band, and wide band gaps are necessary

in order to obtain effective attractive interaction.
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